Three elements of work are described: (i) a contact mechanics model of the polishing pad, used to predict asperity pressures, (ii) micro-tribometer tests on wafers coated with low-k material and (iii) CMP tests on wafer samples. Delamination of low-k samples is observed at higher pressures in both the micro-tribometer and CMP tests. The correlation between the two tests confirms the usefulness of this combined approach to developing process maps of CMP.
INTRODUCTION
Chemical Mechanical Polishing (CMP) is a key process technology for microelectronics and MEMS (micro-electromechanical systems). As the integrated circuit (IC) industry moves towards the 65 nm node, wafer flatness and planarity achieved by CMP of wafers including low-k dielectric materials has become a critical issue. Applications combining CMP with wafer bonding include construction of 3-D MEMS structures or thick device layers over a buried dielectric using silicon-on-insulator technology. In both MEMS and IC applications novel materials are required for mechanical, electrical or other functional requirements so that existing process routes, optimised empirically for traditional silicon technologies, are no longer effective. Hence there is an urgent need to extend existing CMP process understanding to new materials.
The aim of this paper is to describe a methodology for developing CMP process maps for low-k materials, identifying effective process conditions for polishing. Micro-tribometer experiments are used to simulate, in a well controlled manner with relatively small contact areas, the interaction between the pad and the wafer, to allow efficient exploration of suitable conditions. The link between these experiments and polishing tests is made via a suitable asperity contact model.
CONTACT MECHANICS
Replica tape (supplied by Testex Corporation) was used to generate replicas of new and worn Rohm and Haas IC 1000™ polishing pads. The topography of these replicas was measured using a 3D interferometric profilometer. The height profile was filtered using a low-pass digital filter with a cut-off frequency of 0.018/µm. This cut-off was chosen to generate a smoothed profile, including smaller-scale asperities with wavelengths in the range of tens of microns. The height and radius of each of these asperities was identified. The corresponding probability distribution function of asperity peak height and radius for the worn pad is given in Fig. 1 . 
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Since the standard Greenwood and Williamson assumption, that asperities have a constant radius, is not well matched by the data, a numerical model was developed for the contact. Each asperity was modelled as a Hertzian contact, and the actual distribution of asperity heights and radii was used. This model was used to predict the true asperity contact pressure as a function of pressure. This prediction was used to establish an appropriate load for the micro-tribometer tests described below. Further details are given by Cheng (2004) .
MICRO-TRIBOMETER TESTS
The aim of these tests is to use well-controlled conditions to establish satisfactory contact conditions for polishing of lowk material. A micro-tribometer developed at Cambridge to simulate small contact areas was used (Le, 2005) . During the test a polymer ball of radius 2.4 mm was pressed against the wafer with a constant load. The sample was reciprocated under the ball with a stroke of 500 µm. Various blanket or patterned silicon wafer samples containing low-k materials were tested, in conjunction with Rohm and Haas LK301 slurry. Fig. 2 shows a typical plot of the friction coefficient as a function of number of cycles, for a patterned wafer containing Orion ® ultra-low-k material, at loads of 0.4 and 1.5 N. These loads give contact pressures comparable to those predicted from the asperity contact model described above. For the lower load, the smooth increase of friction reflects the steady removal of the low-k and exposure of the underlying substrate, with no damage observed. At the higher load the more uneven friction trace observed is associated with delamination. 
POLISHING EXPERIMENTS
CMP tests were performed using a Presi metallographic polishing machine on blanket or patterned silicon wafer samples coated with low-k material. The aim of these tests was to establish conditions for which the low-k material stayed intact on the wafer, without delamination. Rohm and Haas IC 1000™ polishing pads and LK301 slurry were used. The pads were conditioned prior to each series of tests using Kinik Diagrid ® disks. A wide range of conditions were considered, including blanket and patterned wafers and a range of polishing times and pressures. The platen and sample holder both rotated at 20 rpm. Fig. 3 plots the observed damage as a function of polishing time and pressure, for CMP of a patterned wafer containing Orion ® ultra low-k material. Delamination was observed at the edge of the sample under all conditions. This effect, due to exposure of the cut edge, would not be present when polishing complete wafers. However delamination was also observed at the centre of the sample at higher pressures, after a polishing time of around 30-50 seconds. This is illustrated in the image of Fig. 4 of a region of the wafer which contained no patterning; the lighter areas are delaminated. Similar tests for a low-k Flowfill ® blanket wafer showed no significant delamination even after 360 seconds of polishing at a pressure of 30 kPa and a higher platen speed of 60 rpm. 
CONCLUSIONS
The roughness of CMP polishing pad replicas has been measured using a profilometer, and the resulting asperity geometry used to develop a contact model. A micro-tribometer developed at Cambridge was used to simulate the contact, with loads based on the predicted asperity contact pressures. These tests identified, in a well-controlled manner, regions in which the contact pressure caused delamination of the low-k material. Corresponding CMP tests were used to find the range of polishing times and pressures which cause delamination in patterned low-k wafers. It is encouraging to find that the predicted pressures at which delamination is observed is comparable in the two sets of tests. Further work will aim to extend these tests to a more comprehensive range of conditions and draw up process maps for different material combinations, identifying safe and effective process conditions. material transfer in micro-scale sliding contact between aluminium alloy and steel. Tribology Letters 18 99-104 
